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ABSTRACT
DESIGN, CALIBRATION AND APPLICATION OF A SENSOR 
FOR MEASURING TIME DEPENDENT ANGLE OF 
ATTACK OF HELICOPTER BLADES
By
Weiyuan Henry Liu 
Old Dominion University, 1978 
Director: John M. Kuhlman
Various pressure probes were designed and tested which could 
be attached to helicopter blades when a helicopter is in 
flight. The pressure probes consisted of spherical heads 
which were held in place by cylindrical shanks. Built inside 
the heads were transducers to measure the pressure differen­
tial between pressure ports which were located on the front 
portion of the spherical head facing the airstream. Data was 
obtained over a range of airstream velocity of 11,6 to 88.4- 
m/s (38 to 290 ft/sec), corresponding to Reynolds numbers of
0.2^ to 1.8^x10^ based on the sphere diameter. Both static 
and dynamic tests were performed. For the dynamic testing
i
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cases, the probe oscillating frequency was varied from 1.59 
to 5*20 Hz., covering the range of frequencies typical of 
helicopter blade motion.
Two potential flow theories were developed and correlated 
with the experimental data: Theory I was based on the
instantaneous auperposition of the airstream velocity vector 
with the instantaneous probe motion vector, and Theory II 
was based on unsteady potential flow. Two computer programs 
were developed, based on these two theories to obtain the 
numerical solution of the unsteady probe motion. Both 
theories were found suitable for prediction of time depen­
dent angle of attack from pressure differential data. Ex­
perimental static test results were found in agreement with 
the theoretical analyses for 3 of the probes tested. The 
dynamic test results for one of these 3 probes were also in 
reasonable agreement with the prediction of both Theory I 
and Theory II.
The time dependent angle of attack can be calculated from 
the recorded pressure differential outputs in conjunction 
with the theories. The resulting predicted time dependent 
angle of attack was found to deviate no more than 2-3 de­
grees from the experimental data over the range mentioned 
frequency and velocity ranges.
ii
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
ACKNOWEDGEMENTS
The author would like to express his sincere thanks to 
professor P, Stephen Barna of the Old Dominion University; 
professor Barna served as the chairman of the Dissertation 
Committee for two years "before he retired in May, 1977.
Most of the experimental apparatus in this research were 
designed "by professor Barna, and he also gave much valuable 
advice in the experimental phase of this work. The author 
is also appreciative of the fact that NASA Langley Research 
Center provided the financial support (Grant Number NSG-11^3) 
to carry on this project.
iv
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
TABLE OF CONTENTS
Page
ABS T R A C T ..............................  . i
TITLE P A G E ..............................  iii
ACKNOWLEDGEMENTS........................  iv
TABLE OF CONTENTS........................  v
LIST OF T A B L E S ................  viii
LIST OF FIGURES..........................  ix
LIST OF SYMBOLS..........................  xiv
I . INTRODUCTION............................ 1
1.1 Literature Survey .  ..............  1
1.2 Justification For Present Work . . . .  6
II. T H E O R Y .................................. 7
2.1 Theory For Steady State Flow Field . . 7
2.2 Superposition Of The Velocity Vectors 9
2.3 Unsteady Flow Equations............  13
2 A  Application Of Theory I To Probe 0DU2
Under Oscillating Test Motion . . . .  25
2.5 Application Of Theory II To Probe 0DU2 
Under Oscillating Test Motion . . . .  25
2.6 R-Equation Model.............. . 30
III. INSTRUMENTATION AND TEST APPARATUS . . . .  35
3.1 Pressure Probes  ..............  35
v
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Page
3.2 Transducer Description And Calibration .
3.3 Wind Tunnel Employed In Measurements . . ^7
3.3.1 The Free Air Intake Induction 
Tunnel ........  . . . . . . . .  ^7
3.3.2 The Open End Wind Tunnel . . . .  55
3.^ Drive Mechanism  .............. 60
3.^.1 Conventional Mechanism . . . . .  60
3.^.2 Scotch Y o k e ........ ............63
IV. TEST PROCEDURES AND RESULTS................ 69
^.1 Static Test On S p h e r e ..............  . 69
^.2 Static Test  .................. 71
^.3 Oscillating Probe Test Procedures . . .  82
Oscillating Probe Test Results . . . . .  8^
^.5 Time Lag Phenomenon.......... .. 84-
V. TEST RESULTS ANALYSIS AND DISCUSSION . . . .  97
5.1 Static Test . . . . . . . . . . . . . .  97
5.1.1 Determination Of Probe Coefficient 
From Steady Flow Results . . . .  98
5.1.2 Direct Comparison Between Theory 
And Static Test Results For Deter­
mination Of Static Angle Of Attack 107
5.2 Oscillating Probe T e s t .................. 110
5.2.1 Oscillating Probe Data Analysis . 110
5.2.2 Comparison Between Experiments
And Theories..................  119
vi
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Page
5.3 Theoretical Prediction Of Time Dependent
Angle Of A t t a c k ....................... 131
VI. CONCLUSIONS................................... 137
APPENDIXES
A. TEST ON HEMISPHERICAL YAWMETERS............... 1^1
B. COMPUTER PROGRAM FOR THEORY I ............. 151
C. POTENTIAL FLOW SOLUTION PAST A TRANSLATING
S P H E R E ...................................... 157
D. COMPUTER PROGRAM FOR THEORY I I ............... 162
E. ANALYTIC CALCULATION OF THE OSCILLATING PROBE
M O T I O N ...................................... 167
F. EFFECTS OF A CYLINDER BEHIND A SPHERE . . . .  172
G. OSCILLATING PROBE TEST RESULTS.... ........... 179
REFERENCES.................................. 186
vii
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
LIST OP TABLES
Table Page
3.1 Transducer Characteristics . . . . . . . .  51
G.l Oscillating Probe Test Results ..........  180
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
LIST OF FIGURES
Figure Page
2.1 Definition sketch for flow past a sphere . . .  8
2.2 Schematic diagram of superposition of the
velocity vectors . . . . . . . . .  ...........  11
2.3 Definition sketch for a sphere under trans­
lating motion in X-direction..............  . 17
2.4- Typical plot of equation (2.3-23)> f=5.0 Hz,
a=0.00l6 m, U=100 m/s, and u^/U=sin(27Cft) . . 21
2.5 Definition sketch for a sphere under trans­
lating motion in Y-direction ...............  22
2.6 Definition sketch for a sphere under rota­
tional motion  ........ ................23
2.7 Variation of non-dimensional pressure quantity
with oscillating angle under constant airspeed 
hut different frequencies, Theory II . . . .  28
2.8 Variation of non-dimensional pressure quantity 
with prohe position angle under constant 
oscillating frequency but various airspeeds,
Theory I I ................................. 31
3.1 Schematic showings of pressure probes, dimen­
sions in meter  ...................... .. 36
3.2 Existing pressure probes . . . . . . . . . . .  39
3.3 Sectional view of Patterson gage . . . . . . .  44
ix
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Figure Page
Steady state transducer calibration set-up . ^6
3.5 Calibration chart for gage T1 . . . . . . .  ^8
3.6 Calibration chart for gage T2 . . . . . . .  ^9
3.7 Test procedure for transducer calibration . . 50
3.8 Determination of transducer's settling time • 52
3.9 Velocity distribution profiles, induction
wind tunnel .  ......................   5^
3.10a General features of the induction wind tunnel 56
3.10b Schematic diagram of the test section,
induction wind tunnel ..................  57
3.11a General features of the open end tunnel . . .  58
3.11b Photograph of the open end wind tunnel test
section   . . . . . . . . .  59
3.12a Schematic diagram of mechanism producing
oscillating motion ...............  . . . .  61
3.12b Test set-up for parallel flow of air, oscil­
lating p r o b e .....................   62
3.13a Schematic diagram of Scotch Y o k e ............. 6^
3.13b Photograph of Scotch Yoke mechanism . . . . .  65
3.13c Comparison of oscillating motion for Scotch
Yoke with and without s p r i n g .............   66
3.1^ Comparison of probe oscillating motion curve
with sine curve  ...........................67
^.1 Pressure distribution around a sphere . . . .  70
k,2 Pressure distribution around a sphere with
and without cylinder tailfitted . . . . . .  . 72
x

















Schematic sketch of static test set-up . . .  73
Static test procedures  ................  . 74
Variation of non-dimensional pressure differ­
ential with angle quantity.................. 75
Variation of pressure differential ratio with
probe angle .  ............ .. 79
Experimental procedures for dynamic test . . 83
Data reduction procedures .  .............. 85
Stripchart outputs for probe 0 D U 2 ........ .. 86
Variation of non-dimensional pressure differ­
ential with probe position angle ..........  88
Variation of pressure differential ratio with
probe angle . . . . . . . . . . . .  ........  92
Variation of time lag with oscillating fre­
quency (probe 0DU2 and U=30.5 m/s) . . . . .  94
Illustration of time lag phenomenon........ 95
Comparison of static test results with static
potential flow theory.................... .. 99
Non-dimensional comparison of the probe coef­
ficient .....................................104
Variation of probe coefficients with Reynolds 
number, Tunnel 1 - Induction wind tunnel,
Tunnel 2 - Open end wind tunnel.............. 108
Variation of pressure differential ratio with 
airstream angle..................  Ill
xi
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Figure Page
5.5 Variation of output angle with input angle,
prohe N A S A 6 0 .............     11^
5.6 Variation of non-dimensional pressure differ­
ential, APg^/o.* with probe position angle $ 
under different frequencies, probe 0DU2 . . .  116
5.7 Experimental data on AP/q variation, probe
0 D U 2 ........................................ 117
5.8 Comparison of experiment and theories,
A P 12/q- versus ^ .....................  120
5.9 Comparison of experiment and theories,
A P 23/9. versus Q .............   122
5.10 Comparison of experiment and theories, R
versus 9 .  .............   128
5.11 Theoretical prediction of R value as a func­
tion of 6 , Re=0 .635x10 ,^ b^2=2.03, and 
t23=1.79   133
5.12 Theoretical prediction of angle of attack,
oCa, Re=0.635xl05, b12=2.03, and b23=1.79 . . 13^
5.13 Theoretical prediction of angle of attack,
Oia» Re=0.635xl05, f«1.84 Hz, b12=2.03, and 
b23 = l - 7 9 .................................... 136
A.l Definition sketch of a 5~porthole hemispher­
ical yawmeter 1^4
A.2 Variation of pressure differential with yaw
angle for hemispherical yawmeter ..........  1^5
xii
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
Figure Page
A.3 Variation of pressure differential with
pitch angle Q for hemispherical yawmeter . . 1^8
E.l Comparison of probe motion curves with the
true sine curve  ........ ..............171
F.l Definition sketches of a 0.0635 m sphere with 
support and with cylinder tailfitted . . . .  175
F.2 Pressure distribution around a sphere with
and without cylinder tailfitted ............  176
F.3 Static pressure distribution of porthole
number 2, Reynolds number Re=l,^xl0^ . . . .  177
F.^ Static pressure distribution of porthole
number 3> Reynolds number Re=l,4xl0^ . . . .  178
G.l Experimental data on AP/q. variation, probe
0 D U 2 ..................................... 181
xiii
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
LIST OF SYMBOLS 
a radius of spherical probe head
b probe coefficient for a real fluid flow
bQ •' probe coefficient for ideal flow, bo=9/^
b. . probe coefficient based on portholes i and j
-L J
t>1 2 * ^ 23* probe coefficients based on portholes 1 and 2,
b ^  2 and 3 , and 1 and 3 respectively
br the ratio of b ^  and b12» br=b23/^2
C ^ pressure coefficient at point i on the surface
of a sphere 
D sphere diameter
e12> e23 functions that represent the dynamic effect
for A  P12 and A P y  
f frequency, Hz
g gravitational acceleration, 9.81 m/s
G function of U, f, and 9
h dimension measured vertically upward ,
H function of time, H(t)
k reduced frequency, k=2 7tf D/U
Lp distance between the probe head front end to
the center of oscillation 
M  Mach number
Pl* P2’ P3 static pressures at portholes 1 , 2, and 3 
respectively
static pressure at point i on a sphere
xiv
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
P . static pressure at point j on a sphere
a
total pressure 
Poo free stream static pressure
A  P pressure difference
A P ij pressure differential between two points i
and j
AP^gjAPg^* pressure differentials between portholes 1
A P -^ 2 and 2’ 2 311(1 and 1 and 3 respectively
q dynamic pressure head, q=(l/2)/u2
qr relative q
*qr new quantity of qr » used in equation (2.3-31)
r radial direction in the spherical coordinates
R ratio of 'to A P ^ »  R=AP 23/ A -p12
R Reynolds number




t time at a specific instant
A t g transducer’s response time
U airstream velocity, m/s
Uoo free stream velocity, m/s
u^ horizontal component of the instantaneous
probe velocity
u, v, w velocity components in X, Y, and Z directions
respectively
xv
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
V velocity in vector form
| V | absolute value of V
v vertical component of the instantaneous probe
velocity
V probe velocity under oscillating motion, m/s
Ir
W combined weight of the steel plate and
parallel steel rods in Scotch Yoke mechanism 
X, Y, Z cartesian coordinates
oC half of the amplitude angle, degrees
angle of attack, degrees
cl
/3 yaw angle, degrees
y  angle between side port and center port
7 instantaneous change of angle due to the
probe oscillating motion 
^ r relative "7
*7r new quantity of *7 , used in equation (2.3-30)
Q probe position angle, degrees
displacement angle, degrees 
Q^n input angle, degrees
lowermost probe position angle, degrees 
0 t output angle, degrees
uppermost probe position angle, degrees 
angle between undisturbed free stream velocity 
and porthole number 2 on the spherical head 
Qj angle between undisturbed free stream velocity
and porthole number 3 on the spherical head
xvi
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.








Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
DESIGN, CALIBRATION AND APPLICATION OF A SENSOR 
FOR MEASURING TIME DEPENDENT ANGLE OF 
ATTACK OF HELICOPTER BLADES
I . INTRODUCTION
Pressure-sensing devices commonly used in aeronautical and 
turbomachinery research for measuring flow direction, velo­
city and static pressure in three-dimensional flows consist 
of various combinations of tube, conical and spherical type 
probes. Unfortunately, most existing probes are suitable 
only for static determination of flow velocity direction 
and magnitude. Development of a rigid probe able to deter­
mine the time dependent flow properties and characteristics 
in a field test is of great interest to turbomachinery and 
helicopter researchers since hot-wire probe systems..would be 
too fragile for use on helicopter blades or turbine blades.
1.1 Literature Survey
Lavender (Ref. 1) found that the mean wind direction could 
be determined by means of a pressure direction-meter. This 
device made use of the experimental fact that the pressure
1
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2given by a total-head tube falls off as the axis of the head 
of the tube is inclined to the wind (Ref. 2). The direction 
and velocity meter had two pairs of fine total-head tubes, 
one pair in a horizontal plane and the other pair in the 
vertical plane. The axes of the two holes of each tube were 
nearly at the angle of maximum sensitivity to the axis of 
the instrument. The fifth tube was a central tube with its 
opening sheltered by the apex of the cone. The accuracy of 
such a pressure direction-meter was about l/lO degree in 
angle and l/2 percent in velocity.
Bryer, Walshe and Garner (Ref. 3) indicated that the 5-tube 
Conrad probe, which embodied a central tube to which side 
tubes were attached and their forward ends chamfered to form 
a point, could be used to determine the flow direction and 
magnitude. For probe operating angles of up to 20 degrees, 
the accuracy was found to be within ^ percent. 
Martinot-Lagarde, Fauquet and Frenkiel (Ref. developed the 
IMFL anemoclinometer, an instrument for the investigation of 
a fluctuating velocity vector. The principle part of an 
IMFL anemoclinometer was a spherical head fixed on a tublar 
socket. The probe was held rigidly in the wind during the 
recording of data. Three pressure differences were obtained, 
from which the velocity vector could be found. IMFL anemo- 
clinometers have been applied to measurements in wind- 
tunnels, jets, and on airplanes.
Reichle (Ref. 5) found that the pressure distribution on the 
hemisphere-cylinder varies as a strong function of Mach
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
3Number, For low Mach Number ( M = o  .4)i the pressure distribu­
tion was found to be close to the inviscid, incompressible 
theory for the front portion of the sphere. As M  increased, 
the pressure distribution became more like a cosine squared 
function.
A "six-channel" three-dimensional yawmeter has been used at 
the Central Aero and Hydrodynamics Institute, USSR (Ref, 6). 
This instrument is called the "six-channel" because it in­
corporates six pressure channels. The head is hemispherical 
with five orifices. The central orifice measured total 
head, while the other four holes were symmetrically spaced 
around it to measure air stream direction in two mutually 
perpendicular planes.
A spherical type flow-direction probe was used for measuring 
yaw in both vertical and horizontal planes in Ref. 7. Theo­
retical and actual values of AP/q for a spherical yawhead 
were compared and the calibrations were found independent 
of Reynolds Number from speed of 17.9 to 53*6 m/s (58.7 to 
176 ft/sec) under standard air test conditions.
Nowack (Ref, 8) made a detailed experimental study of a five- 
hole spherical pitot tube. A calibration method was described 
for this probe by which the direction of a velocity vector 
was fixed by two cartesian angles, one lying in the horizon­
tal equatorial plane and the other in a vertical meridian 
plane containing the velocity vector. The spherical head 
was of 0.01^7 m (0.0^8^ ft) diameter and contained five ra­
dially drilled holes of 0.001 m (0.0033 ft) diameter. Mea­
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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surements were possible within the range of 65 degrees half 
cone angle from the probe axis. It was found that the error 
in velocities over the whole velocity and angle range was 
approximately k percent, while for the static pressure the 
error was approximately 5 percent.
Thurtell, Tanner and Wesely (Ref. 9)» following the idea of 
the anemoclinometer described by Martinot-Lagarde et al., 
made their own three-dimensional pressure-sphere anemometer 
(PSA) system. The anemometer system consisted of a spheri­
cal probe head with pressure ports drilled into its surface. 
The pressures developed at these ports were transmitted 
through small tubes and measured by pressure transducers.
The response of the transducer was limited by the size and 
length of tubing and the effective internal volume of the 
transducers. Later Wesely, Tanner and Thurtell (Ref. 10) 
improved their PSA system with one center port and four side 
ports, each 22.5 degrees from the center port rather than 
45 degrees, and thus having larger angular acceptance than 
the earlier model. Thurtell et al. found this new pressure 
sphere anemoclinometer with a probe coefficient, b, defined 
as the slope of non-dimensional pressure differential quan­
tity against non-dimensional angle quantity within the lin­
ear range, of 1.79 had a wider acceptance angle than the 
IMFL anemoclinometer. Also it was more easily constructed. 
It was stated that the total wind vector magnitude estimated 
was accurate within 2 percent for angles less than 25 de­
grees.
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5Montoya (Ref. 11) developed a hemispherical head angle-of- 
attack-angle-of-sideslip sensor. The sensors were strut- 
mounted on a nose hoorn with pitot head. Three sensor con­
figurations mounted off the nose boom were tested in wind 
tunnels over a Mach number range of 0.2 to 3.6. The hemi­
spherical head had four portholes. It was found that:
1) Angular measurements accurate to 0.25 deg. were possible 
for angles up to 8 degrees at high supersonic speeds; 2) A 
single calibration curve for determining both angle of at­
tack and angle of sideslip could have been used in conjunc­
tion with appropriate bias error corrections; 3) Reynolds 
number effects were found negligible for the range of values 
tested (3•28 to 65.6x10 per meter of wind tunnel dimension). 
Yap, Black and Oke (Ref. 12) constructed a yaw sphere ther­
mometer (YST) system following the design of Tanner and 
Thurtell. The yaw sphere had a diameter of 0,05 m (0.16^ 
ft) and five ports arranged identical to the probe devel­
oped by Thurtell et al. (Ref. 10). A new probe coefficient, 
b=l.57» was obtained based on a series of measurements with 
Reynolds number which ranged from 6,000 to 20,000 based on 
the sphere diameter.
Barna and Liu (Ref. 13) made a preliminary investigation on 
three hemispherical yawmeters which were similar to the three- 
dimensional yawmeter in Ref. 5 but without the static holes. 
Static results for these three hemispherical yawmeters are 
detailed in Appendix A,
Bennett (Ref, 1^ -) investigated the effects of velocity fluc-
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6tuations on data for a five-hole hemispherical prohe. He 
found the fluctuations contributed to the mean pressures at 
the probe itself because of the nonlinear character of the 
probe response; hence, the fluctuations affected both re­
sponse of the probe and the subsequent interpretation of the 
results.
1.2 Justification for Present Work
None of the previous investigators have considered construct­
ing a pressure probe with built-in pressure transducers. 
Further, no direct measurements of pressure differentials 
have been made under oscillating probe conditions. The 
present investigation was therefore undertaken with the pri­
mary objectives being to investigate the unsteady state char­
acteristics of a three-hole spherical velocity vector sensor 
and to develop an instrument to predict the time dependent 
angle of attack when a flying body is under periodic oscil­
latory motion. One possible application of such a device is 
measurement of the time dependent flow properties in a rotat­
ing helicopter rotor blade system.
Chapter II of this work considers the basic theories for 
both steady and unsteady state potential flow developed in 
the present work. Chapter III describes the instrumentation 
and test apparatus. Chapter IV presents the test results. 
Chapter V and VI are devoted to test result analysis, com­
parison of theory and experiment, discussion of results and 
conclusions.
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II. THEORY
2.1 Theory for Steady State Flow Field
The static theory of the spherical head pressure prohe is 
based on the mechanical energy equation between a point in 
the free stream and a point on the surface of a sphere. 
According to the Bernoulli equation, which applies for an 
ideal fluid, or a potential flow, the pressure on the sphere 
surface at any point i (see figure (2.1)) is, neglecting any 
potential energy changes,
From the potential flow theory (Ref. 15) for flow past a 
sphere, it is known that
and /3 ^  is the central angle between point i and the stagna­
tion point S. Consider a sphere in a steady, uniform flow 
field. If i, j are two points on the sphere surface, from
+ (1/2) /  |V| 2 = Poo + (1/2)/U*2 (2.1-1)
= P* + (1/2)/Uoo2 ( 1 - \ sin2/Si ) (2.1-2)
or
Pt - b0 <1 sin2/3i (2.1-3)
where
Pa + (l/2)/Uoo » is the total pressure
( l ^ / U o / ,  is the free stream dynamic pressure
9A.
7
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Figure 2.1 Definition sketch for flow past a 
sphere
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equation (2.1-3) one obtains
Pt= Pi + *0 « s1"2/3!
and
pt= pj + \  i
After subtraction
Pi “ Pj = bo q - sin2 /?i)
= bQ q (sin/Sj + sin ( 3 (sin^j - sin/9^)
By using the trigonometric identities
sin + sin/3 ^ = 2 sin ( g cos ■j~)
and
/S . -  >9 - /3 ,  + # .
sin/8. - sin/3^ = 2 sin (— —^ -) cos (— — -)
one obtains the pressure difference between points i and j as
Pi - Pj = bQ q sin ( /3 . +/3±) sin ( /3^  -y^) (2.1-4)
Hence, once the central angles y3 . and f& . are known, the 
pressure differential may be obtained from equation (2.1-^).
2.2 Sunernosition of the Velocity Vectors
Instantaneous superposition of the free stream velocity 
vector and the probe head motion vector is now considered. 
Assume the spherical probe head is a point and the probe is 
under a periodic, oscillating motion with a frequency f.
Reproduced w ith permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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Let the initial probe position angle with respect to the 
horizontal axis be 0 and the oscillating half amplitude 
angle be OC, so that the oscillating instantaneous position
angle 0 in a sinusoidal motion is
0  (t) = B-q - <Xsin (2 7tf t) (2.2-1)
Consider that the probe head velocity vector Vp be instan­
taneously added to the free stream velocity vector Uoo (see 
figure (2.2)), and assume that the resultant vector produces
the pressure differences AP. . = P. - P.. If the probe head
i  J i  j
oscillates with respect to a center of rotation with a radius 
L , then the instantaneous probe head surface velocity at
sr
point i is
V = L ~  (2.2-2)p p dt v '
From equation (2.2-1), differentiating with respect to time
t, one obtains
Vp = - Lp 2 7CfoCcos(2 7Tf t) (2.2-3)
This instantaneous tangential velocity may be resolved into
two components: the horizontal component V cos 0 may be
P
added to the horizontal free stream velocity U^, while the
transverse component Y sin Q becomes the vertical compo-
P
nent. Hence the resultant velocity magnitude is
1"?!= [( U ^  Vp cos G)2 + ( Vp sind) 2J ® ( 2.2-4)
The relative angle of V with respect to the horizontal 
reference axis is
















Figure 2.2 Schematic diagram of superposition of the velocity vectors
12
‘*1= tan"1 {Vp sin0/( 11^ + Vp cos 6 )J (2.2-5)
The instantaneous angle of attack, the angle "between the 
prohe longitudinal axis and the resultant velocity, is
OCa = 9 ^ ^  (2.2-6)
We now assume that the pressure distribution on the sphere 
adjusts instantaneously to the velocity changes due to probe 
oscillating motion. This approximation would be most accu­
rate at low oscillating frequencies. That is, denoting P^ 
as the instantaneous pressure at a point i on the probe head 
front surface with an instantaneous angle of attack o L ,
9 ,
Pi = Pt - bo «(t) sin (^ °^a>i 
Here P+ is the total pressure, b is the theoretical probe
X  0
coefficient and q(t) is the local dynamic pressure term 
( 1 / 2 where
Vi2= ( U00+ Vp cos 0 )2 + ( Vp sin 9 )2
Hence, the pressure differential between two points i and j 
on the probe head surface is
P. - ~ "b <l("t) (sin2(o< ) . - sin2( oC ). ) (2.2-7)1 j o a j a jl
where q(t), (OC )• and ( oC ). are all functions of time t.a x  a j
Hence the pressure differential F^-P^ varies with time as 
the probe oscillates. A computer program has been written 
to calculate and plot the pressure difference from this
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equation, which is described in Appendix B.
2.3 Unsteady Flow Equations
Consider the X component of the Navier-Stokes equation,
§31 + „ + ,r w - 9h 1 3P , , a2u .
at + u 55 + v i? + w iI--eiS-75; + 7-(^2 +
+ *-%). (2.3-1)
ay* az^
where h is measured vertically upward.
For irrotational flow
aw _ av au _ aw av _ au
ay ~ az ’ az ~ ax ’ ax " ay '
Hence, equation (2,3-1) can be written as
au + d_ . u2 + v2 + w2 , _ ah i ap + a_ , a_u ,
at ax  ^ 2 } "g ax " j> dx f  ax ' ax
av , aw \
S3? Si 5




a a + a . ( _ v ! ) + g 2h + l?P = 0 (2 3-2=)
at ax 2 ' g ax / ax
where
V2 = u2 + v2 + w2 
Similarly, for the Y and Z components of the Navier-Stokes
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equation, one obtains for irrotational incompressible flow
+ 2-{ y2 1 + g + i = 0 (2 1.2b)at ay  ^ 2 * g ay / a y  ' ^ '
£ W  +  _ 3 ,  J L L n  +  f f 0 h + I E P  =  O  (0 O O n 'I
at az  ^ 2  ^ g az /  az (2.3-2c;
For three dimensional, irrotational flow one may define the 
velocity potential, , by
a<A a^ > b4>
u ~ if » v = 1^ ’ w = az" *
The time derivatives of the velocity components become
au _ a2</> 9v _ aw _
at - atax * at ~ atay * at ~ ataz
Therefore, equation (2.3-2) may be written
si ('l^) + k  (-2“ + S h + ~jr ) = 0 (2-3 -3a)
^  ('f^) + ay ('~2~ + S h + ~jr ) = 0 (2-3 “3fc)
h  l-|t> + #  (“T  + S h + 7 ~ )  = 0 (2.3 -30
Ignoring gravitational effects, one obtains upon integration
ff + + ■/- = H(t). (2.3-1))
This equation is known as the unsteady Bernoulli equation.
In general, an object moving through a fluid may be trans­
lating, rotating and deforming. Hence the velocity of a 
fluid element on the surface of the object, may in general 
be a function of position on the surface of the body and
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time. The theory of an object moving through an ideal fluid 
can be found in Refs. 16, 17, 18. The aim here is to deter­
mine the velocity potential of a fluid motion resulting from 
the motion of a solid body that was initially in a state of 
rest.
Consider a reference coordinate system and describe the sur­
face of the body as
F( X, t ) = 0 (2.3-5)
where X is the position vector and t is time. Let be the
velocity potential and determine <j> as the solution of the 
Laplace equation
V 2<t> = 0 (2.3-6)
The boundary condition is
|| + • V F  = 0 on F( X, t ) = 0 (2.3-7)
Furthermore, the components of the velocity u= v<j> should
vanish as the distance from the body tends to infinity. The 
boundary condition can be expressed in the form
= v ^ - n  = u ( X, t ) on F( X, t ) = 0  (2.3-8)
or
V ^ - V F  = “u ( It, t )• V F  on F( t ,  t ) = 0 (2.3-9)
where n is the unit vector pointing outward normal to the 
body surface. This states that at every point on the sur­
face of the body the component of the fluid velocity normal 
to the body is equal to the normal component of the body
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velocity. In other words, there may be no flow through or 
separation from the surface of the body. Once the velocity 
potential is determined, the pressure at any point is given 
by equation (2.3-*0 as
P (X, t) = -/(§! + (1/2) (V^)2 ] + H(t) (2.3-10)
where H(t) is a function of time only. Denoting the pres­
sure at infinity as P^ and using the boundary condition at 
infinity, the relation for the pressure may be written as
P (I, t) = P* -/(if + (1/2) (V<^)2]  (2.3-11)
For a general problem, the motion of a rigid body can be 
resolved into translation and rotation. First, consider the 
translating rigid sphere problem. This problem was solved 
first by Lamb (Ref. 16) considering a sphere under an uni­
directional translating motion. As the sphere translates 
through the fluid, the velocity of the sphere is time depen­
dent; that is , the sphere is in accelerating motion. In a 
spherical coordinate system (r, &, <p>), let the center of the 
sphere be the origin of the coordinate system and the axis 
from which 0 is measured is chosen opposite to the sphere 
velocity "u^ , as shown in figure (2.3) where a is the radius 
of the sphere.
Because of this uni-directional motion, one expects the 
velocity potential (j> to be independent of the coordinate 
/, or the motion to be axisymmetric. Hence we have for a 
time dependent system
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SPHERE
Z
Figure 2.3 Definition sketch for a sphere under 
translating motion in X-direction
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^  = ^ »(r, e , t)
The equation for the potential (2.3-6) becomes
( r2 sind§| ) + ~  ( sina|| ) = 0 (2.3-12)
The boundary condition on r=a is
grad^-e^, = ru1 *"er (2.3-13)
where u^ is the instantaneous horizontal speed and "e^, is the 
unit vector in the r-direction. Equation (2.3-13) can be 
simplified to
|£ = - cos & (2.3-14)
The solution for <p is known to be (see Appendix C)
<j)(r, & , t) = ux(t) a? cos 6/ (2 r3) (2.3-15)
since the motion is axisymmetric, and the equation for a 
streamline in any axial plane is
i/r(r, e , t) = constant
Along a streamline '^ ‘= constant, so one has the relation
d^T= - r sin 6 \xe dr + r2 sin9ur d0= 0 (2.3-16)
with ~
1 dd> ui a sin0 
u « = F a s  = - ^ 3 ----------------  (2.3-i7a)
and
V  d?  ------ 3------ (2.3-17b)
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After integration of (2.3-16) with substitution of (2.3-17a,
17b), the stream function is given by
. u1 a? sin20
"Y (r, & * ^  = -----2~r------ + cons'fcan'fc (2.3-18)
The pressure on the surface of the sphere can be obtained 
from equation (2.3-11) as
P(a. fl.t) - P. I (Vf)2 ] at r=a
p / u 2(t) ?
2 L IT cos2# - 5)= Poo +
d u,(t) s
- a ^ ----- cos 9J (2.3-19)
If the sphere is moving with a constant velocity, i.e.,
u^= constant, the pressure distribution on the sphere becomes
/  u 2 ?
P(a, 9) = P* + — g1- - (9 cos 0 - 5) (2.3-20)
Now, consider the sphere under a one dimensional sinusoidal 
motion in the X-direction; i.e.,
ul(t) = Vp (t) s i n (2.3-21)
The pressure at any point i on the sphere can be expressed 
as
/  < U1 (*> ? 
p(a, e v  t) = P^ + h ---- (9 cos - 5)
i/t) V
- -----  c o s ^ i J (2 .3 -22 )
where Q  ^  is the angle between the ^(t) direction and a 
radius through point i. The pressure differential between 
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P(a, 9±, t) - P(a, 9y t) = (9/8)/u ^ t )  (cos2^ -
(cos 0 .-cos 6.) (2o3-23)
J
A typical example to illustrate equation (2.3-23) is shown 
in figure (2.4).
Next, consider a sphere of radius a under a one-dimensional, 
sinusoidal motion in the Y-direction only. With
and let 9 denote the new angular quantity as shown in 
figure (2.5). The pressure at any point on the surface can 
he expressed as
The pressure differential between two points i and j on the 
sphere surface under this sphere motion is
Finally, consider the effect due to the free stream velocity 
and the rotational motion as shown in figure (2.6). The 
sphere surface velocity at point i is a-(d/3/dt) and the 
relative angle with respect to the free stream velocity 11*, 
direction is
V(t) = V (t) cos /3( t) (2.3-24)
t
P(a, 0^,t)-P(a, ^jt) = | / v 2(t) (cos2 #^- cos2 9^)
(2.3-26)








Figure 2.^ Typical plot of equation (2.3-23)» 
f=5.0 Hz, a=0.001o m, U=100 m/s, 
and u^/U=sin( 2 7tft).
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SPHERE
v(t)
Figure 2.5 Definition sketch for a sphere under 
translating motion in Y-direction





Figure 2.6 Definition sketch for a sphere under 
rotational motion
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and the total dynamic head is
[( Uoo + a — ■ cos/3 )2 + (a sin/3 )2J
(2.3-28)
By using equation (2.2-7), the pressure differential Between 
two points i and j on the sphere surface can be expressed as
Pi ■ Pj “ bo 4r (sin2( fii* ?r) ' sin2( '9i+ 7r))
(2.3-29)
To solve for the combined effects due to the horizontal 
oscillation, vertical oscillation, and rotational motion, 
must be revised to include u^(t) and v(t).
Upon denoting the new angle quantity
d/3
/ v(t) + a -T+ cos/3 >»
7 = tan---- \--------- 46----52-----------1 (2-3-30)
** Uoo + u^ (t) + a sin/0 J
and the new dynamic head
“ £ ( U*, + u1( t) + a sin/3)2 +
d/3 _..„>ox2'(v(t) + a sin /3 ) J (2.3-31)
Hence, the new pressure differential becomes
Pi " Pj = bo 1*(sin2( f l f  r f )  - sin2(/3i+ if))
(2.3-32)
So, the total pressure differential between two points i 
and j on the sphere surface is the superposition of equations
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(2.3-23)» (2.3-26), and (2.3-32). A computer program has 
"been written to calculate the pressure difference from these 
three equations, which is described in Appendix D.
These two theoretical analyses of the unsteady, potential 
flow over a sphere will he compared in Chapter V with the 
experimental data to he described in Chapter IV.
2.4 Application of Theory I to Probe 0DU2 Under Oscillating 
Test Motion
From equation (2.2-7), the pressure differential between two 
portholes i and j on a spherical probe head can be written 
in the following form:
A p  
= \ z  ( sin2^ a )2 - sin2(o<a)l >
and
/ \ P
q(t$* “ b23  ^ Sin  ^^ a^3 ~ sin ^ ° ^ 2   ^ (2.4-2)
where subscripts 1, 2 and 3 are porthole numbers on the 
probe 0DU2, q(t) is the effective dynamic head, and b ^  and 
bg^ are probe coefficients which will be determined experi­
mentally in Chapter IV and discussed in Chapter V. These 
probe coefficients are defined as the slopes, over the lin­
ear response range, of the corresponding probe pressure 
difference versus the angle curves.
2.5 Application of Theory II to Probe 0DU2 Under Oscillating 
Test Motion
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The theory derived in article 2.3 can he applied to the 
pressure probe 0DU2 as follows. The pressure differential 
caused by the translating and rotational motion is given by 
equations (2.3-23» 26 and 32). Consider the case of 
and substitute and 02=(3A)X into equation (2.3-23)»
to obtain
V P2
- b12 2,fl 2-/Z Uj(t)
due to ' ^  (t) “ 5“  / a  « -----
U1 (2.5-la)
/ /
Substitute 0^ = (3/2)7C and 6,2=(5/^)7C into equation (2.3-26),
so that
-b.
Pl-P2 due to 
v
(2.5-lb)
Also, equation (2.3-32) becomes
P -P rl 2
where
L f
= "b12 q*(sin2( 0 + J  ) - sin2(0+W*))
due to
rotation , n r , \(2.5-lc)
1 = “  ((u» + + a ft cos£ )2+(v(t)+ a sin $ )2J,
7 = tan”1 £(v(t)+ a ^  sin^)/(Uao+ u^t) + a cos0)j,
9 - Q-q -OCsin(27Cf t),
V t )=  LP f f  s l n ^>
and
v(t)= Lp ||- cos 9.
Similarly, by substituting appropriate quantities for Q 2>
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By B2 and Qj into equations (2.3-23, 26 and 32), one 
obtains equations (2.5-2a, 2b and 2c) respectively as follows:
b.
V P3  f / u ^ t )  (2.5-2a)due to
U1
b.
P - P  
2 3
p 2 - p3
= - | b23 /  a (2.5-2D)
due to y ^  Qt
v
= b?r, q ( sin2( 9 + If - )
due to ^
rotation 0 * ir
-sin ( 0 + + - ± -  )) (2.5-2c)
* ~/l * Awhere q , , d , , and v are defined as in equation
(2.5-lc). The probe coefficients b ^  and b ^  have been de­
fined in 2 .^ .
The combined effects of equations (2.5-la* lb and lc) for an 
oscillating probe are determined by two major factors: the
oscillating frequency, f, and the airstream velocity, U. 
First, consider the case with various oscillating frequen­
cies but constant airstream velocity. Figure (2.7a) shows 
the prediction by Theory II of the variation of non-dimen­
sional pressure differential A P 12/q with oscillating fre­
quency and probe position angle. The airspeed has been held 
fixed at U=83.5 m/s, corresponding to a value of Rg=l.7^x10 .^ 
At lower frequencies, the pressure differential loops are 
narrower than at higher frequencies; i.e., the pressure 
differential varies less between the upward and downward 
probe motion at lower oscillating frequencies. Figure (2.7b) 
shows the variation of A P 23/^ wi'th probe angle 0 at



















PROBE POSITION ANGLE, 6 , deg
(a) A p ^ / a  versus 0 
Figure 2.7 Variation of non-dimensional pressure quantity with oscillating 

















various oscillating frequencies. As the frequency, f, is 
increased, the difference between APg^/q for upward and 
downward motion at the same probe position angle is again 
increased, except at the two extreme positions.
Now, consider the case of constant oscillating frequency and 
oscillation amplitude but various airstream velocities. As 
the Reynolds number was increased, i.e., the airstream ve­
locity increased, the loops of predicted AP^g/o. and APg^/q 
variation became narrower as shown in figures (2.8a, b) re­
spectively. Hence, the effects of U and f were predicted 
by Theory II to be opposite to one another. That is, an 
increase of U and a decrease of f have similar effects on the 
probe output response. Similar trends were predicted by 
Theory I .
2.6 R-Equation Model
Consider the unsteady state Bernoulli equation, (2.2-^):
at
a t T i 'v r  T j* I ( V $ 2 + I  = H(t).
Since this equation holds for the entire field of motion, at 
a specific time t=t , one may write for port 2 and port 3
2 -  < # + / > 3 = ( - ^ > 3  -  ( i t > 2
Thus the instantaneous pressure differential between ports 
2 and 3 becomes

















PROBE POSITION ANGLE, 6 , deg
(a) A.P12/<1 versus &
Figure 2.8 Variation of non-dimensional pressure quantity with probe 
position angle under constant oscillating frequency but 
various airspeeds, Theory II.
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P«-P
£13 = i ( y 2- v 2 ) + f ($£-) - (-^) 1
2 3 2 } L 9 ‘t 3 1 3t;2j
or
A P 23= H r  ( V3 2 -  V 22) +/ 0 4 ^ ) 3 -  ( ’l t > 2 ]  ( 2 - 6 ’ 2)
The first term on the right-hand-side of equation (2.6-2) is 
the same as the static result, while the second term is the 
additional term due to the unsteady effect.
Denoting a new function
e „ ( U . f )  = U 8 V  ------  ( 2 . 6 - 3 )
b23 u» sin( 2 0 )
equation (2.6-2) can be rewritten as
A p23= t23 q. (l + e23(U,f)j sin(20) (2.6-4)
where q=(l/2)/U^2.
Similarly, the pressure differential A p ^2 can be expressed 
as
A P i 2= t>12 q £l + e12(U,f) J sin( 7T/4 -2 6 )/ f~2 .
(2.6-5)
For the static case, e^2(U,f)=0 and e23(U,f)=0.
From equations (2.6-4, 5)> the pressure differentials can be 
combined by taking the ratio of two pressure differentials,
i.e., A P 23/ A P 12. to form a one equation model:
^ P23 = ^21 1 + e23^U,fj J~2 sin( 2 6 ) (p 6 6)
A p12 ^12 1 + ei2(U’f) sin( ^  “ 20)
By defining R=AP 23/AP^2» one can rewrite equation (2.6-6)
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as
R = br G(U, f, 0) (2.6-7)
where t>r= b23/^12’ and ^ a func^ on of U, f and 0 .
By combining equations (2.4-1, 2) or (2.5-1» 2) with equa­
tion (2.6-7), one may obtain a set of curves through system­
atic variation of U, f, and 0. These curves may be applied 
to the pressure probe in actual flight, and may be subse­
quently used to predict the instantaneous angle of attack
More detailed discussion is presented in article 5*3»ci
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III. INSTRUMENTATION AND TEST APPARATUS
3.1 Pressure Probes
There were altogether 5 pressure probes used in the present 
investigation, which were denoted as NASA1, 0DU1, 0DU2,
NASA2, and NASA60. The NASA1 probe consisted of a two-port­
hole probe of spherical shape, where each port enclosed a 
^5-degree central angle with respect to the probe longitudi­
nal axis. The 0DU1, 0DU2, and NASA2 probes were three-port- 
hole probes. Their outer appearances were identically the 
same as the NASA1 probe, but with a center port located on 
the longitudinal axis. The NASA60 probe was constructed in 
such a way that its upper and lower ports enclosed a ^5-degree 
central angle with respect to the probe axis but port 1 was 
shifted downward to form a 15-degree central angle ( see 
figures (3«la to d)). For the measurements of pressure 
differences, all the probes embodied highly sensitive trans­
ducers, which were mounted inside the spherical probe body.
The NASA1 probe utilized only one transducer, while the other 
four probes used two built-in transducers. Figure (3.1e) 
shows a schematic diagram of the 0DU2 probe arrangement, 
while figure (3.If) shows a photograph of probe NASA60.
Figures (3*2a to f) show some of the existing pressure probes
35
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0.0159










Figure 3»1 Schematic showings of pressure probes, 
dimensions in meters.












(e) TRANSDUCERS ARRANGEMENT FOR 
PROBE 0DU2
Figure 3»1 Continued
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(f) PHOTOGRAPH OF PROBE NASA60 
Figure 3»1 Concluded
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(b) SCHEMATIC SKETCH OF IMFL ANEMOCLINOMETER (REF.4) 
Figure 3.2 Existing pressure probes
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STATIC ORIFICES
(c) SIX-CHANNEL PROBE, USED AT THE CENTRAL AERO AND 
HYDRODYNAMICS INSTITUTE (REF.6)
SPHERICAL PITOT PROBE HEAD
(d) SPHERICAL PITOT PROBE (REF.8)
Figure 3«2 Continued






ALL TUBES TO 
TRANSDUCERS
(e) SCHEMATIC DIAGRAM OF THE 5-HOLE P.S.A.(REF.IO)
Figure 3*2 Continued
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STATIC PORTS





(f) THREE-VIEW DRAWING OF HEMISPHERICAL HEAD
ANGULARITY SENSOR. DIMENSIONS IN METERS. (REFoil)
Figure 3.2 Concluded
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
^3
mentioned in Chapter I (Reference 1-12). The current probes 
are most nearly like those of Ref, 8, shown in figure (3«2d), 
except that Nowack did not place the transducers inside the 
probe head.
3.2 Transducer Description and Calibration
The following tests were performed for the determination of 
transducer properties. The transducers employed in these 
pressure probes were gages originally designed by J. Patterson 
(Ref. 19). These gages are of the variable-air-gap type with 
electrical inductance, of about 0.0111 m in diameter and 
0.0064- m in thickness. The gage was primarily designed to 
measure pressures fluctuating at high frequencies, but it 
was also capable of measuring static pressures with errors 
of less than 1 percent of full scale. A detailed sectional
view of the pressure gage is shown in figure (3*3)•
The main reasons for choosing the "Patterson" gage were as 
follows:
1) The gages were compact.
2) The gages were "rugged". From Patterson's report, the
effect of accelerating force normal to the diaphragm was of 
the order of one percent of full scale per 100 g. Accelera­
tions of 5000 g or lower parallel to the diaphragm therefore 
have negligible effect.
3) The frequency response of the transducer alone is approxi­
mately that of a single-degree-of-freedom system having a




















Figure 3*3 Sectional view of Patterson gage
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natural frequency of 4000 cycles per second and a damping 
ratio of about 0.1.
4-) The gages were almost independent of temperature. Tem­
perature errors in the range of -50°F to 200°F normally are 
less than 0.03 percent of full scale per degree and may be 
corrected.
5) The gages are adequately reliable. However, over-all 
accuracy when measuring static or low-frequency pressure 
oscillations is usually somewhat limited by hysteresis 
errors, which are normally less than one percent of full 
scale.
The steady-state pressure calibration test set-up is shown 
in figure (3.^). 0.0064 m diameter plastic tubes were used
to connect the pressure generator, manometer, and transducer. 
The pressure generator employed was a standard apparatus 
capable of compressing or expanding the air inside a cham­
ber to cause a pressure difference between ambient pressure 
and the air contained inside the chamber. The transducer 
was connected to a carrier and amplifier unit, A two-chan­
nel BRUSH220 chart recorder was used to record the pressure 
difference signals, in terms of millivolts, on a recorder.
In other words, for a given pressure difference, p“proom> 
the manometer indicated a liquid level difference, Z, and 
the chart recorder recorded a corresponding value of mv. A 
sequence of tests were made in the pressure difference range 
of ± 0.65 m of water at room temperature. Transducer cali­
bration charts in terms of pressure difference output in

















Figure 3.4 Steady state transducer calibration 
set-up.
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mv versus manometer readings are shown in figures (3*5) and
(3.6) for 2 different transducers. Figure (3.7) shows the
experimental procedure for the transducer calibration and
table 3.1 gives a comparison between these transducers.
These steady-state calibration results were used in the probe
steady-state experiments conducted for finding the probe
coefficients b^2» b^, and b^(discussed in article 5.2).
An experiment was performed to investigate the response time
for these transducers. The transducer was connected as shown
in figure (3.8a). The distance between the transducer side
and the connector was 0.025^ m. For time t^t^ (t^ used here
as a reference time), the transducer was given a pressure
difference AP; at t>t^, the connector was removed suddenly
and the transducer responded accordingly. The response curve
indicated that there was a measurable time interval, A t  »s
for transducer to reach another steady pressure reading. In 
figure (3.8b), the transducer tested was gage Tl, A p =109
p
newtons/m and A t  =0.032 seconds. This indicates that the
S
pressure gages used in the current study had a bandwidth on 
the order of 30 Hz, assuming that the time required to remove 
the pressure difference, AP, was not the limiting factor in 
this experiment.
3.3 Wind Tunnels Employed in Measurements
3.3.1 The Free Air Intake Induction Tunnel
The air stream was introduced into the tunnel by suction


























































































3 BALANCE THE TRANSDUCER(S)





1 TRANSDUCER CALIBRATION SET-UP 
AS IN FIGURE (3.4)
2 TURN ON THE CARRIER AMPLIFIER 
TO WARM UP FOR 1 HOUR
5 TAKE "NO EXTERNAL APPLIED 
PRESSURE" DATA
8 REPEAT STEPS 6 AND 7 MANY TIMES TO 
ACCUMULATE SUFFICIENT PAIRS OF DATA
7 OBSERVE THE PRESSURE DIFFERENCE THROUGH 
THE DIFFERENTIAL MANOMETER AND TAKE DATA
9 DATA PLOTTED IN GRAPHICAL FORM, RECORDER 
OUTPUT AGAINST MANOMETER READING
6 USE THE PRESSURE GENERATOR TO CAUSE A
PRESSURE DIFFERENTIAL ( P - P^ Mroom
TAKE DATA THROUGH RECORDER
) THEN
Figure (3*7) Test procedures for transducer calibration
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T1 NASA1 A p 23 2 -192 to 431
T2 0DU1 ^ P12 3 -1179 to 2633




A P12 3 -2011 to 3352
T 5 A p 23 -£1,79 to 479
T6 NASA60 A P12 3 -2633 to 1915
T 7 A p 23 -479 to 814







P + AP 
room
TO CARRIER AND AMPLIFIER
(a) TEST SET-UP
(to) RESPONSE CHART FOR TRANSDUCER UNDER A STEP 
CHANGE OF PRESSURE DIFFERENCE
Figure 3*8 Determination of transducer's response time
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produced by a centrifugal blower which was powered by a up­
stage motor rated at 15 hp. The intake produced a uniform 
velocity field in the test section as shown in figure (3•9)• 
The contraction walls were bent into a bell shape to prevent 
unwanted air separation at the tunnel inlet. The wind tunnel 
contraction was constructed in two sections. The first sec­
tion was designed to have parallel top and bottom walls but 
converging side walls, while the second section had two par­
allel side walls, but converging top and bottom walls. A 
0.102 m thick honeycomb with mesh size 0,00^8 m was inserted 
at the intake to reduce fluctuations in the approaching air 
stream. The 0.305 m long test section of 0.152x0.203 m cross 
section consisted of 0.025 m thick plexiglas walls. A dif­
fuser followed the test section and joined the suction side 
of the blower. To prevent vibration of the test section, a 
foam rubber isolator was inserted between the test section 
exit and diffuser entrance. The tunnel test section was 
provided with a probe holder of special design which con­
sisted of two parallel discs which fitted flush into the 
recessed top and bottom plexiglas plates. Since the discs 
could rotate about a common axis they served the purpose of 
a turntable. The discs were interconnected by a vertical 
rod which held the probe. The discs could be turned togeth­
er with a common handle from the outside of the wind tunnel, 
so that the spherical probe head could be set to a certain 
angle of attack with respect to the incoming air stream.
Angle of attack was set by a protractor made from polar graph
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Figure 3*9 Velocity distribution profiles, induction wind tunnel.
55
paper. The general features of the induction wind tunnel 
are shown in figures (3.10a, b). The mean velocity distri­
butions horizontally across the working test section are 
illustrated in figure (3*9) for three motor speeds. The 
maximum mean velocity was about 88.4 m/s or 290 ft/sec.
3.3.2 The Open End Wind Tunnel
The open end tunnel consisted of an axial fan, a diffuser, 
a settling chamber contraction, and a test section. A steel 
frame furnished with the oscillatory mechanism was fitted to 
its open end. The general features are shown in figure 
(3.11a). Figure (3.11b) shows the probe, cylinder and steel 
frame in the test section.
The tunnel was powered by a GE 4-stage motor which rated at 
15 hp. A circular "floating" shaft was connected by both 
ends to the motor and the axial fan. A guide-vane ring 
served the purposes of supporting the shaft as well as to 
guide the intake air flow. Following the conical diffuser, 
a honeycomb was used to reduce the flow fluctuations. 
Immediately following the contraction, there was a parallel 
wall transition which changed the tunnel passage from circu­
lar cross section to a rectangular cross section. The soft 
connection section was mainly used to isolate the vibration 
effects due to the motor-axial fan system. The parallel 
test section had a rectangular cross section of 0.546x0.608 
m. A pitot-static tube was mounted on the side wall for 
measuring air velocity. A free-rotation cylinder was also































































Figure 3»Ha General features of the open end tunnel 
1 motor 2 circular shaft
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Figure 3.11b Photograph of the open end wind tunnel 
test section.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
60
mounted across the side walls.
A steel frame was connected to the test section exit. This 
frame was furnished with (i) the oscillatory mechanism which 
is discussed in article 3.^; and (ii) a DC variable-speed 
motor which supplies the power to drive the oscillatory mech­
anism. This frame may he seen in figure (3.11^).
3.^ Drive Mechanism
The two kinds of drive mechanisms used to cause the oscil­
lating motion of the spherical pressure probes will now be 
described.
3.^.1 Conventional Mechanism
The mechanism which produced the oscillatory motion of the 
probe consisted of a crank, connecting link, and a bar, as 
shown in figure (3.12). Rotation of the crank was provided 
by a variable speed electric motor. A pivot was located at 
crank radius r which fitted into the bearing at one end of 
the link while the other end connected to the bar. The bar 
was pivoted at a distance of RQ from the link end. When the 
crank revolved, one end of the link followed a circle while 
the other end moved on a circular arc with a central angle 
2 0C. Thus, while the crank revolved with a central angular 
speed CO, the bar oscillated with an angular speed changing 
with time. Since the crank radius r was variable by design, 
the amplitude of the probe oscillation could be arbitrarily











Figure 3*12a Schematic diagram of mechanism 
producing oscillating motion.










2 OC ANGULAR AMPLITUDE OF OSCILLATION
U oo AIRS TREAM VELO Cl TY
Figure 3»12b Test set-up for parallel flow of 
air, oscillating probe.
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changed. The detailed description of this mechanism is 
discussed in Appendix E,
Although this mechanism gave oscillatory motion, it did not 
give purely sinusoidal oscillation. Hence, a second Scotch 
Yoke mechanism was contructed.
3.^.2 Scotch Yoke
In a Scotch Yoke mechanism, the circular motion of a pivot 
is transformed into a reciprocating motion. The pivot is 
■inserted into an elongated slot cut into a crosshead pro­
vided with two parallel guides. As the pivot rotates the 
slot translates parallel to itself.
Because of the comhined weight W of the steel plate and par­
allel steel rods of the actual mechanism, the resulting mo­
tion was not truely sinusoidal; i.e., the upward movement 
was slower than the downward movement. When the pivot moved 
upward, a portion of the force was balanced by the weight W, 
but when the pivot moved downward, the weight W also worked 
on the pivot. Hence, a pair of springs were used to create 
a balancing effect so that the effect of weight W could be 
balanced. Four specially designed ball bearing were used 
to minimize the friction between the bearings and the paral­
lel rods. The general features of the Scotch Yoke arrange­
ment are shown in figures (3.13a) and (3.13b); figure (3.13c) 
shows the comparison of oscillation motion for the Scotch 
Yoke with and without springs. Figure (3.1^) compares the 
experimental motion with the true sine curve under a speci-
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Figure 3.13a Schematic diagram of "Scotch Yoke".
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Figure 3*1313 Photograph of Scotch Yoke mechanism
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Figure 3.13c Comparison of oscillating motion 
for Scotch Yoke with and without 
springs.














































fied oscillating frequency of 3.91 Hz. It is seen that the 
two curves are quite close.
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IV. TEST PROCEDURES AND RESULTS
Both static and dynamic test procedures and results are 
presented in this chapter,
4,1 Static Test on A Sphere
An isolated sphere was tested in the open end wind tunnel 
test section to determine the static pressure distribution 
around the front portion of the sphere. Figure (4.1) shows 
the non-dimensional static pressure distribution around the 
sphere for angle 6 up to 70 degrees, where data for Reynolds 
numbers of 4.24 and 1.57x10^ were taken from experiments done 
on a 0,153 m sphere from Ref, 2, while current data for 
Re=l.39x10^ were test results for a 0.0635 m sphere per­
formed at 0.D.U, The solid line represents the potential 
flow theory for a sphere which gives the static pressure 
distribution over the sphere as
p “ p«> = | / U « 2 (1 - \ sin20 ) (4.1-1)
where $ denotes the angle from the forward stagnation 
point.
In order to investigate the effect of the cylinder attached 
to the rear portion of the sphere, an experiment was per-.
69
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Figure ^.1 Pressure distribution around a sphere.
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formed in which a 0.0445 m diameter, 0.152 m long cylinder 
was tailfitted onto the rear portion of the sphere and the 
static pressures were measured for & from -80 to +80 degree. 
The experimental results for two cases, a sphere and a sphere 
with cylinder tailfitted, are shown in figure (4.2). For a 
more detailed discussion refer to Appendix F, hut it is 
noted that the cylinder has a considerable effect upon the 
pressure distribution.
4.2 Static Test
The probe was rigidly supported in the wind tunnel test sec­
tion, and its response automatically recorded through a two 
channel BRUSH220 recorder. The general features of the 
static test set-up are shown in figure (4.3). The probe was 
mounted in the test section facing the airstream and rotated 
until the pressure difference between ports 2 and 3 was 
zero. The probe was then judged to be at zero angle of at­
tack. Then the probe was rotated to form an angle 9 and 
data was taken for the angle range under consideration. The 
static test procedures are shown in figure (4.4).
Sample results of static tests are shown in figures (4,5) 
and (4.6). In figure (4.5), the pressure differentials non-
A
dimensionalized by (l/2)/>U«> were plotted against probe 
angle. Probe angle is the same as angle of attack under 
static test conditions. In figure (4.6), the pressure dif­
ference ratios, R, were plotted against probe angle 9 for
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Figure k a2 Pressure distribution around a sphere 
with and without cylinder tailfitted„












Figure ^.3 Schematic sketch of static test set-up
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probes 0DU1, 0DU2 and NASA60. These test results will be 
analyzed and discussed in Chapter Y.
4,3 Oscillating Probe Test Procedures
The transducers inside the probe were balanced and the probe 
was fitted into the probe holder located on the rotational 
cylinder. Subsequently the upward maximum and the downward 
maximum angles, i.e., 6-^  and were measured by a clino­
meter with an accuracy of ± 0.1 degree. The wind off refer­
ence datum lines were taken using the chart recorder. After 
having chosen a specific oscillatory frequency, f, as well 
as a reference airstream velocity, U^ , the fan was turned 
on and adjusted.
The probe response was automatically recorded through the 
two-channel chart recorder. Channel 1 was used to record
the pressure differential A P 23=p2”^3 or ^'P12='Pl’"‘P2J chan~ 
nel 2 was utilized for recording the probe angle variation 
through use of a potentiometer. The variables for this 
dynamic test were airstream velocity, U^ , , oscillating fre­
quency, f, and the oscillating probe position angle, 9 .
By keeping two variables out of three (Uoo , f, 6 ) constant, 
a series of experiments were conducted, varying the third 
variable. The results were reduced into plots of AP/q 
versus 0 , to analyze the unsteady effects. The experi­
mental procedures for dynamic tests are outlined in figure 
(4.7) and the data reduction procedures are outlined in
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DATA REDUCTION








MEASURE THE UP AND 
DOWN LIMIT ANGLES
CHOOSE A FREQUENCY 
f FOR OSCILLATORY 
MECHANISM
TURN ON THE RECORDER 
AND BALANCE TO ZERO 
REFERENCE
TURN ON THE CARRIER 
AMPLIFIER TO WARM 
UP FOR 1 HOUR
Figure k-,7 Experimental procedures for dynamic test
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figure (^.8). Typical stripchart outputs for probe 0DU2 are 
shown in figure (^.9)»
Oscillating Probe Test Results
For different ranges of oscillating probe angles, oscil­
lating frequencies, and airstream velocities, a series of 
data were obtained using probe 0DU2 and plotted as AP/q 
versus Q . Figure (^.10) shows some representative non- 
dimensional pressure differential versus probe angle plots. 
The rest of these results are shown in Appendix G. Figure 
(^.11) shows the variation of pressure differential ratio 
R, defined as A p 23/ A p 12. with probe angle G under differ­
ent probe operating conditions. These dynamic results will 
be compared with theoretical predictions in Chapter V.
^.5 Time Lag Phenomenon
A time lag phenomenon was observed from the stripchart out­
puts, such as those shown in figure (^.9)* The potentiometer 
response curves which represented the variation of the probe 
position angle were not in phase with the pressure differ­
ential output curves. For airstream velocity U=30.5 m/s 
(100 ft/sec), the time lag varied with oscillating frequency, 
f, as shown in figure (^.12).
For example, see figure (^.13)* for probe 0DU2 under the 
conditions U=30.5 m/s, f=3.88 Hz, where probe position angle
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6 PLOT AP/q AGAINST Q TO FORM A CLOSED 
LOOP
3 READ PRESSURE DIFFERENTIAL IN TERMS OF 
mv FROM THE CHANNEL 1 OF THE RECORDER
2 CALCULATE PROBE POSITION ANGLE FROM 
THE CHANNEL 2 OF THE RECORDER
1 CALCULATE THE AIRSTREAM VELOCITY, U 
BY USING THE PI TOT-STATIC TUBE
5 REPEAT STEPS 1 THROUGH 4 FOR A COMPLETE 
PROBE MOTION CYCLE
4 USE TRANSDUCER RESPONSE CHARTS TO FIND 
THE CORRESPONDING RELATION BETWEEN mv 
AND newtons/square m
Figure 4.8 Data reduction procedures











(a) STRIPCHART OUTPUTS FOR A P 12 
Figure 4.9 Stripchart outputs for prohe 0DU2
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
(b) STRIPCHART OUTPUTS FOR A P ^  
Figure ^.9 Concluded
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OSCILLATING FREQUENCY, f, Hz.
Figure 4.12 Variation of time lag with
oscillating frequency, probe 
0DU2 and U=30.5 m/s.
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PEAK TO PEAK SHIFT = 1.5/32.2
= 0.04-66
TIME INTERVAL FOR A PERIOD = 0.258 seconds 
ACTUAL TIME DELAY = 0.012 seconds 
TOTAL ANGULAR AMPLITUDE = 18.3°
CORRESPONDING ANGULAR ERROR = 0.86°
Figure 4-.13 Illustration of time lag phenomenon
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varied from -5•7° to 2^.0°, there was a time lag of ^.66 
percent of a complete cycle. This corresponded to a 16.8° 
phase shift, or an angle error of 0.86°. The reasons for 
the observed time lag will be discussed in article 5»2. 
Similar phase shift behavior was observed at other test air 
speeds; this phase lag dexreased as U increased.
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V. TEST RESULTS ANALYSIS AND DISCUSSION
5.1 Static Test
From results presented in figure (^.2) and Appendix F, it is 
seen that the static pressure distribution curves for a 
sphere with cylinder tailfitted disagree significantly for 
|0|>35°. According to the potential flow solution for 
flow past a sphere, the pressure coefficient is given by 
F — P«, Q  p
= l - fx sin & > (5.1-1)
(l/2)/U2
where $ is measured from the front stagnation point. When 
data in figure (^.5) were compared to the equation (5*1-1)» 
as shown in figure (5.1)» the following experimental differ­
ences were founds First, for probe 0DU2 for 3 from 5° to 
20°, although the pressure differential data were below the 
theoretical curve, they were parallel to the theory. Second, 
for 3 less than 5°» there was a large difference between 
the theory and experiment. The reason for this discrepancy 
can be seen from figure (^.2), where it is seen that for a 
point located at large angles from the stagnation point the 
difference between theory and experiment becomes significant. 
Third, for probe NASA60, figure (5.1"b) shows that data between 
- 5 ° £ 0 £  12° were close to the theoretical curve. For
97
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&>12°, the static pressure at port 2 became more negative 
than for the potential flow "sphere" condition. Hence, the 
value for /Vp^/q fell below the theoretical curve due to the 
effect of the cylinder behind the spherical probe head, as 
discussed in Appendix F. In figures (5.1c, d), the non- 
dimensional pressure differentials, for both probe
0DU2 and NASA60 have been compared to the static theory.
The results for probe 0DU2 in the angle range -20° ^  9 ^ 20° 
were in good agreement with theory, while the results for 
NASA60 probe were found to be less than the theory for posi­
tive 6 .
5.1.1 Determination of Probe Coefficient from Steady Flow 
Results
The constant 9/k in the equation (5.1-1) is valid only for 
| 6 | ^ ^ 2° for Reynolds number in the subcritical range and 
\6\ £ 65° for Reynolds number in the supercritical range due 
to the viscous effects and separation (Ref. 20). The actual 
values of b^2 and b ^  for the various probes need to be 
established from experiments. In a real fluid flow, because 
of the viscous effects and interference of the rear support 
of the probe head with the flow, equation (5*1-1) can be 
rewritten as
Pt = Pt - b q sin2^ i, 
where P^ .= P*, + (l/2)f U2, q= (l/2)/uJ, i denotes a point on 
the sphere surface, Q ^  is the central angle between the 
stagnation point and point i, and b is the coefficient to be
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Figure 5.1 Comparison of static test results with 
static potential flow theory
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Figure 5*1 Continued
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
101
-20 -10 10 20 30 








(c) PROBE 0DU2, AP,,/q versus 9
Figure 5«1 Continued
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(d) PROBE NASA60, APg^/q. versus & 
Figure 5«1 Concluded
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determined.
Applying equation (2.1-^) to the probe 0DU2, let /®2= 
and y03= - * A ,  one obtains after some manipulation
A P 23 = P2 - P3 = b q sin (20) (5.1-2)
Similarly, the pressure difference between ports 1 and 2 was 
found to be
A P i2 = b q sin ( 7CA - 20 ) /J~2 (5.1-3)
The experimental data presented in figure (^.5) were subse­
quently plotted into non-dimensional form, APgy^O. versus 
sin(2 0 ), and AP^g/q versus sin( K/1^ - 2 0 )/ /T, as shown 
in figure (5.2). The horizontal axis in figure (5.2c) was 
sin( 7T/6 - 2 0) since the central angle between ports 1 and 
2 for NASA60 was 60 degrees. Figure (5.2a) shows the non- 
dimensional relation between A P 23/<1 and sin(2 0). The 
circular symbols correspond to probe NASA60, which yielded a 
slightly higher slope (2.3 )^ than the theoretical slope of 
2.25» while the triangular symbols for probe 0DU2 yielded a 
smaller slope of 2.09, From figure (5.2b), for probe 
NASA60, the theoretical slope for pressure differences 
between ports 1 and 2 was b 73/2=1.95» while the experimental 
data yielded a slope of 2.57i which was 32 percent higher 
than the theory. In figure (5.2c) for probe 0DU2 the theo­
retical slope was 2.25> while the experimental data yielded 
a slope of 1.97» which was 12.5 percent lower than the theo­
ry. The major factor for the large difference between these











(a) L23, PROBES NASA60 AND 0DU2
Figure 5.2 Non-dimensional comparison of the prohe 
coefficient
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Figure 5.2 Concluded
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two slopes was the different central angles "between the 
ports 1 and 2.
Letting the coefficient between ports 2 and 3 be b ^  and 
between ports 1 and 2 be b12» figure (5#3) shows the varia­
tion of experimentally obtained probe coefficients b ^  and 
b^2 with Reynolds number based on the airstream velocity and 
the probe head diameter. It is seen that the probe coeffi­
cients depended on the central angle between the ports under 
consideration as well as the Reynolds number. For probe 
0DU2, b^2 varied from 2.10 to 1.97 as Reynolds number in­
creased, while b ^  varied from 1.77 to 2.09. The open end 
tunnel results for b^2 and b2  ^have been used in article 5*2 
in the oscillating probe analysis, since the oscillating 
probe tests were done in the open end tunnel test section.
5.1.2 Direct Comparison between Theory and Static Test
Results for Determination of Static Angle of Attack 
The relation between static angle of attack and pressure 
difference ratio was obtained from equation (2.1-4). For 
probe NASA60, the ratio of ^ P23/^ ^ P12 was founci a
function of angle only:
/ T  sin( 2 0 )
R = -T-p^ =  --------- --------- (5.1-4)
A*i2 2 sin( 71/6 - 2 0 )
Figure (5.4a) shows the comparison between the equation 
(5.1-4) and experimental data for the NASA60 probe. The 
results were in good agreement. Similarly, for probe 0DU2, 
one obtains
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J T  sin( 2 0 )
(5.1-5)R
sin( 7TA -20)
Figure (5*^b) shows the results for prohe 0DU2. The experi­
mental data were again in good agreement with equation (5.1- 
5). The 0DU1 prohe had a different pressure differential 
arrangement than the 0DU2 prohe; hence, the theoretical 
relations for pressure differentials yielded
Figure (5.^c) shows the reisults for prohe 0DU1 and equation
The observed differences between the static theory and 
experimental results were likely due to the effect of the 
cylinder behind the spherical prohe head. For prohe NASA60, 
the experimental data gave a maximum error of 3 degrees at
0 = -22°. For -16°^ 9 £ 10°, the errors were less than 1°. 
For prohe 0DU2, the maximum error was 5 degrees at 0=-2O°; 
for -10°^ 12°, all errors were less than 1°. For prohe 
0DU1, the maximum error was 1.8° at 0- 17.6°, and for 
-18° £ 6 ^  8°, all errors were less than 1°. For practical 
application, one could use the data points or the static 
theory based on superposition of velocity vectors to esti­
mate the static angle of attack. It is expected that this 
estimation on 0 would he accurate to within ± 2° for
1 9 |< 20° for the static theory or at least ± 1° for a curve 
faired through the data.
A P 13 sin( 7CA + 2 0)
(5.1-6)
A P 12 sin( 7tA  - 20)
(5.1-6).
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In figure (5*5)» 'the static input angle, @ as measured 
by a clinometer to an accuracy of ± 0,1° is shown for probe 
NASA60 versus the output angle as calculated by equation 
(5.1-7),
out 2 [ ^  A p23 + 2(b23/b12)AP12
(5.1-7)
where b2^=2.34 and b^2=2.6^. These values of b^2 and b ^  
are those shown in figure (5*3)* It is seen that for 
-6° ^ 27°, calculated data points fell onto a straight
line given by
& out ~ 1,11 ^in*
This linear equation was used to relate the calculated out­
put angle to the actually measured input angle.
5.2 Oscillating Probe Test
While probe 0DU2 was under the oscillating test condition, 
the pressure differentials A p ^ 2 and A P y  were automati­
cally recorded through use of a two channel chart recorder. 
After data reduction, the probe response was plotted as 
either AP/q versus 6 or AP/q versus t, where 9 is the 
probe position angle which varied sinusoidally.
5.2.1 Oscillating Probe Data Analysis
Typical plots of A P y / q  versus Q for probe 0DU2 in figure














Figure Variation of pressure differential ratio
with airstream angle
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Figure 5»5 Variation of output angle with input angle,
probe NASA60
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(5.6) showed that during the oscillating motion, the non- 
dimensional pressure differential was less than the value 
of APg^/o. under the static test condition when the probe 
moved upwards, i.e., as the probe moved from the lowermost 
position ( 9- 9j) to the uppermost position ( 0= 6-^ ) . How­
ever, when the probe moved downwards, the value of APg^/q 
was larger than the value of APg^/q under the static test 
condition. This can be explained by considering superposi­
tion of velocity vectors due to the airstream velocity, U«> , 
and the probe oscillating velocity, V . When the probe 
moved upwards to 0=0°, the probe velocity caused an in­
crease in the resultant velocity and increased the angle of 
attack, and hence the APg^/q value also increased. When 
the probe moved downwards to the same 9-0° position, the 
resultant velocity increased but caused a negative angle of 
attack, and hence yielded a negative value for APg^/q. 
Figures (5.7a, b) show test results for U=30,5 m/s (100 
ft/sec), as the probe position angle, 9 , was varied from 
9.65° below to 8.5° above the horizontal reference line. In 
figure (5.7a), the non-dimensional pressure differential 
APg^/q has been plotted against the probe position angle,
0, for oscillating frequencies f=1.8^ and 5.05 Hz. It is 
seen that all f=1.8^ Hz data were enveloped by the f=5.05 Hz 
data, in qualitative agreement with the theoretical predic­
tion by Theory II in figure (2.7a). The variation of A P 12/q 
with 9 is shown in figure (5.7b), which was also in quali­
tative agreement with theoretical prediction of Theory II in














Figure 5.6 Variation of non-dimensional pressure
differential, APg^Ab with prohe 
position angle under different 
frequencies, prohe 0DU2.
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figure (2.7b). These data are also in qualitative agreement 
with predictions using Theory I .
5*2.5 Comparison between Experiments and Theories 
The theories presented in articles 2.^, 2.5> and 2.6 are now 
compared with the same experiment simultantaneously. Vari­
ous oscillating frequencies, airstream velocities, and ranges 
of prohe angles were chosen for the purpose of comparison and 
the results are illustrated in figures (5*8) to (5*10). Fig­
ure (5*8) shows comparisons of experiment with Theory I and 
Theory II for A P ^ / q .  The probe position angle varied from 
9.65° to -8.5°. The airstream velocity was 30*5 m/s, corre-
<r
sponding to Re=0.635x10 , and oscillating frequencies were 
1.8^ and 5.05 Hz respectively. The discrepancy between the 
two theories was found small. The theories estimate smaller 
quantities for A p ^  when the probe was near the lowermost 
position and higher values for A P ^ 2 when 'fclle probe was near 
the uppermost position. In figure (5*9)» sample experimen­
tal results and theoretical prediction of APg^/q. variation 
have been plotted and compared. Figures (5.9a, b) show 
comparisons under test conditions of U=17.5 m/s, for the 
probe position angle range -25.5°^ £^7.5°, with oscillat­
ing frequencies f=2.^3 and 3*57 Hz respectively. Theory I 
and Theory II fell very close to one another for \e\< 10°, 
but differed for -25.5°^ 0 <  -10° except at the extreme 
probe position. In these two figures, the experimental data 
and both theories were fairly close, the maximum error in 0

















PROBE POSITION ANGLE, 0, deg.
(a) Re=0.635xl0-5, f=1.8^ Hz, AND t>i2=2.03
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(a) Re=Oo365xl05, f=2o^3 Hz, AND b23=1.79















































































being about 2 degrees. Figures (5.9c, d) show comparisons 
under the test conditions of U=17.5 m/s for probe position 
angles of -37*2°^ 0 ^  -4°, with oscillating frequencies 
f=2.72 and 4.03 Hz respectively. These two figures show 
that when probe position angle, &, was large, i.e.,
-37.2° < 0 £ -10°, the difference between the two theories 
was quite significant. Theory I agreed better with data for 
the oscillating motion from the lowermost position to the 
uppermost position, while Theory II agreed better when the 
probe moved downwards. Figure (5.10) shows the comparison 
of the pressure differential ratio, R, variation with both 
theories. Figure (5.10a) shows results for test conditions 
of U=83.8 m/s, f=4,9 Hz, and -9.6°^^^ 10°. Figures (5.10b, 
c) show the results under test conditions of U=30.5 m/s, 
-8,5°^ 9.65°, for f=1.84 and 5*05 Hz respectively. These
three figures show no significant difference between the two 
theories; both theories overestimated the values of R for 
probe position angles below the horizontal reference line. 
Hence, for negative probe position angle, i.e., 
the theoretical R curves were close to experimental data, 
with a maximum error of about 2 degrees. For example, an 
upwards probe motion with R=-0.23 in figure (5.10c) corre­
sponds to Q --2.4° on the Theory II curve, but the data 
corresponds to 0=-1.5°; hence, the error is 0.9°• As dis­
cussed in section 4.5, the experimentally observed time lag 
between the probe motion and pressure differential response 
is considered as the major reason for these errors. A
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horizontal shift of 9=-0,5° in figure (5«10c), equivalent 
to a time delay of 0.0055 seconds, will put most of the data 
near to the theoretical curves. This time lag phenomenon is 
believed to be due to local flow conditions which cannot 
instantaneously follow the probe motion. From Ref. 20, the 
maximum Reynolds number for laminar flow around a sphere is 
3x1 Cr based on the sphere diameter, a value larger than Rg 
for the current data. The laminar separation point for a 
sphere is about 110° from the front stagnation point for 
steady flow (Ref. 21). Hence, under the present oscillating 
test conditions, the probe head portholes appear to be far 
away from the separation point. The pressure time delay is 
believed to be due to inertial effects as the probe is under 
the oscillating motion. The air surrounding the probe head 
is either pushed ahead of or sucked in behind the probe 
according to the probe motion. When the probe moves upward, 
the upper half surface pushes the air above it and the air 
below the probe is pulled behind somewhat due to the probe's 
upward motion. When the probe stops its upward motion at the 
uppermost position, the air in the neighborhood of the probe 
head still has the tendency to follow its original motion. 
When the probe starts to move downward, the air flow then is 
forced to change its direction and follow the probe motion. 
However, there must be some finite time for the upward moving 
air to reverse its direction. Hence, the static pressure on 
the surface of the spherical probe head is influenced by the 
local air flow conditions near the probe head just outside
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of the "boundary layer. Since the air flow motion cannot 
follow the prohe motion instantaneously, the transducers 
inside the probe then respond to the time delayed air motion, 
so that the pressure differential outputs show the observed 
time lag phenomenon. As observed in article ^.5» this time 
delay appears to increase linearly with increasing frequency 
for a fixed air speed. This is in agreement with unsteady 
aerodynamic theories developed for small reduced frequencies 
(Ref.22). The reduced frequency, k, is defined as k=2 7CfD/U. 
For the current study D=0.03l8 m, while 9*99 rad/sec ^ 27Tf 
^32.7 rad/sec and 11,6 m/s ^ 11^88.^ m/s, so that 0.0036^k 
^0.090, Thus, the current data has been obtained under the 
condition of small k values. Brune showed in Ref. 22 that 
unsteady aerodynamic problem for k<l could be solved approx­
imately through expansion of the solution in a power series 
in k, where the lowest order solution solved a set of steady 
equations. The second order solution is proportional to the 
reduced frequency, k. In the current work Theories I and II 
are the lowest order solutions to the unsteady problem; in 
their formulation they do not permit any phase lag between 
the probe motion and the fluid motion. A second order solu­
tion is expected to improve the agreement between Theory II 
and experiment.
5.3 Theoretical Prediction of Time Dependent Angle of 
Attack
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Theoretical prediction of time dependent angle of attack, 
oC , is possible by using either Theory I or Theory II,St
These predictions are best for small f and large U, corre­
sponding to small k. From article 2.7, the non-dimensional 
pressure differential ratio, R, is found to be a strong 
function of U, f, and 9. The relations between the probe 
position angle, 9 , and the angle of attack, oCa, are given 
by equation (2.2-6) for Theory I and equation (2.3-30) for 
Theory II. A theoretical study using Theory II for the 
following conditions has been made:
9 = -15° - 5° sin (2 7Cf t)
U = 61 m/s (200 ft/sec)
and
f = 5, 6, and 7 Hz.
The results have been plotted in figures (5tll) and (5.12),
from which the approximate time dependent angle of attack 
can be obtained once the pressure differential ratio, R, is 
known from the probe pressure differential outputs.
Assume under the test conditions that the airstream velocity,
U, the oscillating frequency, f, the test data
A pi2 are known. From the R value calculated from the pres­
sure differential data and figure (5.11) and the oscillating 
motion direction (upward or downward), one can find a corre­
sponding 9 value. From this 9 value and figure (5*12), a 
corresponding angle of attack, OC , can be found. For exam-cL
pie, using probe 0DU2 and field test conditions (U=30.5 m/s
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
133
-15
PROBE POSITION ANGLE, Q, deg
-20 -10
PROBE 0DU2




Figure 5*11 Theoretical prediction of R value as 
a function of Q  , Re=0.635x10^, 
■b^ 2=2o03, and b2^=l079.
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&  , deg.
Figure 5*12 Theoretical prediction of angle of
attack, oCa, Re=0,635xl0^, h12=2o03, 
and t>22=l,79.
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and f=1.8^ Hz), assume from the recorded and ^ P12
charts, one particular instant t* yields an R value of 0.25 
and indicates an upward motion. Then from figure (5.101), 
a corresponding probe position angle is found from
the Theory II curve, and from 15° and upward probe mo­
tion, figure (5.13) yields an angle of attack oC =3.5°. The
cl
experimentally measured 9 at this value of t* was ^.6°, 
yielding an error of 0.45° for Q and 0.5° for oC ,cL
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PROBE 0DU2 
U = 30.5 m/s
10
PROBE POSITION 
ANGIE, S  ,
deg.
10-10
ANGLE OF ATTACK, oi 
deg.
-10
Figure 5*13 Theoretical prediction of angle of
attack, c<a> Re=0.635x10^, b^2=2.03» 
and 1d2 =^1o79<>
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VI. CONCLUSIONS
The objective of this study has been to design a pressure 
probe which can be used in a real helicopter blade system in 
flight. Totally five pressure probes were designed, and 
constructed either at NASA Langley Research Center or Old 
Dominion University. The calibration of probes has been 
carried out step by step experimentally. Both static and 
dynamic probe responses have been obtained and analyzed, and 
a theoretical analysis has been made to estimate the time 
dependent angle of attack through use of the experimental 
pressure differential responses.
The conclusions deduced from the theoretical and experimental 
results are as follows:
1) An influence of the cylindrical support behind the spheri 
cal head under the static test condition was found. The stat 
ic pressure distribution curve was different when the probe 
position angle was larger than 35 degrees.
2) The experimentally determined probe coefficients were 
different from theoretical potential flow analysis assuming 
spherical geometry; these coefficients depend on the central 
angle between the two pressure ports, Reynolds number, as 
well as the probe geometry. The experimentally determined
137
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probe coefficient based on the actual sphere-cylinder ar­
rangement was always larger than the probe coefficient based 
on sphere only, largely due to the influence of the shank 
behind the probe head.
3) Static angle of attack calculation was close to the stat­
ic theory. Using data points to predict the static angle of 
attack can yield a 6 estimation to within ± 1°.
4) The experimentally determined probe coefficients have an 
important influence, as they are employed in the theoretical 
calculation of pressure differentials and R function. The 
best pair of coefficients b^^ anc* b ^  for probe 0DU2, as 
judged by fitting the theories to the time dependent data, 
are found to be 2.03 and 1.79 respectively. These values 
lie within the ranges of probe coefficient values obtained 
from static tests at various Reynolds numbers.
5) The non-dimensional pressure differentials are functions 
of the airstream velocity, oscillating frequency, and probe 
position angle. Under a confined range of oscillation, i.e.,
9 ^ 9  £ B  2 for a constant airstream velocity, when the 
oscillating frequency, f, increased, the spread of the con­
tour of AP/q versus 6 also increased. For tests with a 
constant oscillating frequency, as the airstream velocity,
U, increased, the contour separation of AP/q decreased. 
Hence, the effects of U and f on pressure difference were 
found to be opposite to one another. However, it is noted 
that either increasing f or decreasing U yields an increase 
in the reduced frequency, k. Thus, the contour spread
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increases as k increases, or in other words as the prohe 
velocity increases relative to the airstream velocity.
6) The variation of non-dimensional pressure differential 
A P ^ / q  with the prohe position angle, 9 , for Theory I,
Theory II, and experimental data were found to agree to with­
in 2 degrees for low oscillating frequencies (f less than 3 
Hz) and high airstream velocities (U above 30.5 m/s).
7) The variation of pressure differential ratio, R, and pres­
sure differential, A P ^ q ,  with probe position angle, 6, 
for both Theory I and Theory II were found to be in error
for probe angles near the lowermost position. R was over­
estimated there near the lowermost position due to the under­
estimation of A P ^ 2/q.
8) Time dependent angle of attack can be estimated by using 
either Theory I .or Theory II from the pressure differential 
ratio, R. The experimental data are at most 2 ~3 degrees off 
the theoretical prediction for airstream velocities of 30.5 
to 83.8 m/s and frequencies below 5»05 Hz.
9) This observed 2~3 degrees disagreement between the theo­
ries and experiment appears to be due to a time lag between 
the true probe motion and the probe pressure difference re­
sponse. It is believed that this is a real time lag phenom­
enon, which is due to unsteady inertial and boundary layer 
effects, and which is not accounted for in the theories. 
Development of a more complete theory is likely to improve 
the agreement between experiment and theory and thereby im­
prove the accuracy of the angle of attack prediction.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
140
Prom the above conclusions, it appears possible to use probe 
0DU2 to measure the time dependent angle of attack of a heli­
copter blade system in flight to an accuracy of approximately 
± 2°. With known flight velocity, rotor blade rpm, and max­
imum and minimum blade position angles, the continuous pres­
sure differential outputs could be used to electronically 
calculate the pressure differential ratio and hence the time 
dependent angle of attack. Since actual helicopter blade 
motion would occur over a range of U larger than that of the 
current study, further reducing the k values perhaps this 
prediction might be made adequately using Theory I. However, 
since this would also correspond to larger R values and 
Mach numbers, it is recommended that further tests of the
probe be conducted to cover these R and Mach number ranges©
to accurately determine b^2 and b^*
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TESTS ON HEMISPHERICAL YAWMETERS
Three hemispherical yawmeters were tested under steady flow 
conditions. These yawmeters consisted of a hemisphere atta­
ched to a cylinder of the same diameter as shown in figure 
(A.l). Five portholes were drilled into the heads a center 
porthole located in the yawmeter axial axis and four holes 
at the side. Each side porthole had the same central angle, 
which varied for the various probes. The three probes had 
^5» 33 and 22.5 degrees central angles respectively.
The static tests were performed under similar conditions: 
first the pressure difference between portholes T and B or 
L and R was reduced to zero, then the yaw or pitch angle was 
varied. Figure (A.2) shows the variation of pressure diff­
erentials with yaw angle, /3 , for three yawmeters with diff­
erent central angle T . Figure ( A. 3) shows the variation of 
pressure differentials with pitch angle, 0,
The purpose of this investigation was to find the relation 
between the side port central angle T  and the probe res­
ponse linear range. Although Wesely et al (Ref. 9) stated 
that smaller side port central angles have a wider accept­
ance angle, present experimental results for -30° ^ /3 ^  30° 
and -30° ^  9 ^  30° showed the T =22 .5 °  probe to be no better 
than the T = 33 °  or ^5° probes.
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
1^3
Important observations from this investigation were as 
follows:
1) These three hemispherical yawmeters were only satisfac­
tory for static tests. The long tubing and manometer arran­
gement could not give a correct response for unsteady flow.
2) The stagnation point was displaced from the theoretical 
stagnation point based on a perfect sphere assumption. When 
the yawmeter was placed at an angle of attack o( , the flow 
pattern around the hemispherical yawmeter became asymmetri­
cal due to the large cylindrical support. (See a related 
discussion in Appendix F.)
3) Since the T=33° probe did not have exactly 33° for side 
ports, both figure (A.2b) and figure (A.3b) yielded differ­
ent slopes for and ^ P03
*0 The 7=^5° yawmeter had a larger linear range than the 
7=33° and 22.5° yawmeters.






Figure A.l Definition sketch of a 5-porthole 
hemispherical yawmeter.
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COMPUTER PROGRAM FOR THEORY I
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COMPUTER PROGRAM FOR THEORY I
C DT INCREMENT OF TIME
C A1 REFERENCE DISPLACE ANGLE
C A2 HALF OF THE TOTAL ANGULAR AMPLITUDE UNDER
OSCILLATION
C TF TIME AT THE FINAL STEP OF CALCULATION
C FREQ OSCILLATING FREQUENCY
C NCASE NUMBER OF TEST CASE
C UF FREE STREAM VELOCITY
C B12 PROBE COEFFICIENT FOR PORTS 1 AND 2
C B23 PROBE COEFFICIENT FOR PORTS 2 AND 3
C A3 DISTANCE FROM PROBE HEAD TO CENTER OF
ROTATION 
C VP PROBE VELOCITY
C A7 INSTANTANEOUS ANGLE OF ATTACK
C PI2 PRESSURE DIFFERENTIAL BETWEEN PORTS 1 AND 2
C P23 PRESSURE DIFFERENTIAL BETWEEN PORTS 2 AND 3
C PP PRESSURE DIFFERENTIAL RATIO















READ(2»28) B12, B23 
FORMAT(2F10.3)
Z=1

















IF(T.GT.TF2) GO TO 100 
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200 UT=UF-U
a6=a t a n(v/u t )
IF(A6.GT.ABS(B)) GO TO 250 
A7=57.2958*(B-A6)
GO TO 600 
250 A7=57.2958*(A6-B)
GO TO 600 
100 CONTINUE
IF(B.GT.O.) GO TO 300
UT=UF-U
A6=ATAN(V/UT)
IF(ABS(A6).GT.ABS(B)) GO TO 350 
A7=57.2958*(B-A6)
GO TO 600 
350 A7=57.2958*(B-A6)

























IF(Z.LE.NCASE) GO TO 1
STOP
END
SUBROUTINE PLO TA(NP,H ,FUN,FAC T,NS TEP)
DIMENSION ALINE(120),DAS(120),SCALE(ll),FUN(200) 
DATA DASH/'-'/fSTAR/' *'/,BAR/'I'/,BLANK/' •/ 
IF(FACT.EQ.O») GO TO 30 
FACTOR=FACT 






80 DO 95 1=1,11











DO 100 1=1,120 
DAS(I)=DASH 
DO 105 1=15,115,10 
DAS (I )=BAR 
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POTENTIAL FLOW SOLUTION PAST A TRANSLATING SPHERE
The Laplace equation for the velocity potential takes the 
form, for an axisymmetric case in spherical coordinates
~  (r2 sindf^ ) + J q ( sin£ || ) =0 (C.l)
Equation (C.l) can he solved hy using the method of separa­
tion of variables, letting
<#>(r, e) = R(r) $1.6 ) (0.2)
where R is a function of r only and G  is a function of & 




where K is a separation constant. Hence R and $  solve
(o.3)
fc (r2 §  ) - K R =0
^  (sin0rj-g) + K sin6 =0 (C.5)
The general solution of equation (C.^) is known to of the
form
R(r) = an rn + bn r~(n+1) (C.6)
where K=n(n+1), and an and bn are constants. Since the
solution for should be finite as r eo , it is required
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to set a to zero, n
Equation (C.5) can be written in a new form after setting 
cos & =</k and d( )/d& =-(l-yU)s d( )/d^t:
d  7 " 2) f £  + n(n+l)«=0 (C.7)
where £) now is a function of,/*. This is Legendre's dif­
ferential equation. The general solution of this equation 
is the form
&(/*■> cn Pn(/0 + dn Qn(/0 (C.8)
where Pn(/0 and Qn(/0 are Legendre functions (Ref.23) and
c and d^, are constants. Since Q_(/*) becomes infinite on n n n ' '
the axis 9=0 and 9=7Ct it is required to set dn equal to 
zero. Also, the function Pn(/l) becomes infinite on the 
axis if n is not an integer. Therefore n must be an integer 
and equation (C.8) becomes
cn Pn(^) (C.9)
The function Pn(/X) is polynomial in ^  of degree n.
The solution for the potential is the combined form of (C.6) 
and (C.9) and is of the form
4>(r,Ji)‘ <xn Pn(/O/ rn+1 (0.10)
where the n 's may be a function of time. Equation (C.10) 
can be expressed explicitly as
* lr . e ) . 0(0 ±  + cC1 ^ + o ( 2 ^ & f ± +
r
(C.ll)
The boundary condition requires the relation 
9<f>
3 r = - U cos Br=a
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°^0- p -v °Os 0 1 r J  3 COS2g - 1
2 ^1 a3 2 2 5d a  a
must be satisfied. Hence, the coefficients






Then the solution for is
<?)= a - 2^  saa± (C.l**)
where AQ is a constant and U, B , and r all may vary with 
time. The unsteady Bernoulli equation may be written as t
2
(C.l5)| £ +  f|vf ‘ + jj- = H(t)
As r->oo , we require
and V '^1*0 (c.16)
hence
P » / / 0= H(t)
Equation (C.15) can be written as
p - p~ = -/o 4 t  - 2 A M 2
Substituting equation (C.14-), the above equation becomes
P - P = - P q? ^  ^ cos 9 ) i P U2 a6
r *«> 2 J o a 8t 1 2 } 2 J o  •r r
(cos2<9 + ^ sin20 ) (C,17)
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At r-a, the pressure difference on the surface of the sphere 
is
p _ p — i. p s3 f .dU cos & 1 j, 2 •  ^/ d^\
°o 2 Jo Ldt 2 5 U a d^t' r=a
a
-§ a cose (§f) r=J  - \ f Q U2(cos20 + J sin2e)
(C.18)
where
/d<9\ _ U sin &
dt r=a a *
and
^dt^ r=a “ U cos0 •
Equation (C,18) can be further simplified to
P - Poo = | / 0 a cose f* + j| f gV2 cos 2 0 - j| f Q U'
(0.19)
or in coefficient form
JL.z. P<”___  = 2 cos 20 + g-.-SP-g 3 M  _ 1 /p PnN
r2 8 cos ^  2 dt 8 (C.20;(1/2) /  IT ° U‘
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COMPUTER PROGRAM FOR THEORY II
C TF TIME AT THE FINAL STEP OF CALCULATION
C FREQ OSCILLATING FREQUENCY
C CEX1 PROBE COEFFICIENT FOR PORTS 1 AND 2
C CEX2 PROBE COEFFICIENT FOR PORTS 2 AND 3
C A1 REFERENCE DISPLACEMENT ANGLE
C A2 HALF OF THE TOTAL ANGULAR AMPLITUDE UNDER
OSCILLATING MOTION 
C A3 DENSITY OF AIR
C AU PROBE POSITION ANGLE
C All DISTANCE FROM PROBE HEAD TO THE CENTER OF
ROTATION
C A13 RADIUS OF THE PROBE SPHERICAL HEAD
C A20 ANGLE OF ATTACK
C U AIRSTREAM VELOCITY
C DT INCREMENT OF TIME















w r i t e(3,305) u ,omega
305 FORMAT(1H1,1OX,2HU=,FI0.2,5X,6H0MEGA=,FI0.k,//)
WRITE(3,315)































WS Q=(U+Ul+DCD T*A13*A17)**2+(V+DCD T*A13*A16)**2 
P12=0.5*A3*WSQ*CEX1*((SIN(A4+A9-0.785W**2-(SIN(A4+
A9))**2)
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FUNC3(J)=PP 





IF(Z.LE.NCASE) GO TO 150 
STOP 
END
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ANALYTIC CALCULATION OF THE OSCILLATING PROBE MOTION
The mechanism used to oscillate the prohe has been described 
in section 1 of article and has been shown in figure
(3*12a). Assuming that there was no frictional loss due to 
the mechanical arrangement, the oscillatory motions of bar 
1 and bar 2 would be identical. Hence, from the geometry of 
the mechanism, the instantaneous speed of the probe may be 
established.
Let X^ and Y^ be the distance of the crank axis measured o o
from the pivotal center of the bar, where the origin of the 
coordinate system is located. For a point Z^Xj, Y^) at 
radius r of the crank circle 
X^*-X -r cos( co t)
Yl= V r sin(£°'fc) (E.l)
For Z2^X2* Y2^  on c^rcular arc of radius Rq
X = R cos /3 2 o 1
Y2= Rq sinf3 (E.2)
Since the length L of the link is constant
l2= (x2- xx)2 + (y2- Y1)2 (E.3)
Substitution of equations (E.l) and (E.2) into (E.3) yields 
C^ cos/3 - C2 sin/8 = C« (E.*0




C = 2R_(Y +r sinwt)2 0 O
C3= L2 - Rq2~ (XQ+r coswt)2- (YQ+r sincut)2
Upon differentiation of equation (E,^) with respect to time, 
t, and after some manipulation, one obtains the angular 
velocity of point Z2 :
(C_ coscut - C. sin cut) - 2R r cu sin( cu t+ y9 )
d/9 _ o d__________ *____________ °______________
dt ~ Cj sin /9 + C2 cos
(E.5)
Hence the instantaneous velocity of the probe is
V t)= LP if <E-6>
where L is the probe length, i.e., the distance between the
Ir
probe head and the center of rotation.




r =0.0056 m 
L =0.278 m,
equation (E.5) was employed to calculate the probe velocity 
and a computer program using the fourth order Runge-Kutta 
method was used to integrate forward in time. The compu­
tational method described was checked by a simple graphical 
method using the principle of instantaneous center of
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
170
rotation. The results of both methods were compared with 
the true sine curve as shown in figure (E.l).
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EFFECTS OF A CYLINDER BEHIND A SPHERE
The effects of the cylinder tailfitted to the spherical 
probe are now described. The pressure distribution around 
a perfect sphere is well documented and can be found in 
Ref. 2. Very little information about the pressure distri­
bution around a sphere with cylinder tailfitted was availa­
ble at the time this investigation started.
A 0.0635 m diameter spheref shown in figure (F.l), was pla­
ced in an open jet wind tunnel test section with an airspeed 
of 33*5 m/s. The sphere was rotated to make the porthole 
number 1 have an angle 9 inclined to the horizontal air- 
stream. The range of 9 under consideration was from -80° 
to 80°. After the static pressures were measured within 
the 9 range of interest, a 0,0*J45 m diameter, 0.153 m 
long cylinder was tailfitted into the rear portion of the 
sphere. Then the static pressures were measured again with­
in the same 9 range of interest. A comparison of experi­
mental results between the sphere and sphere with cylinder 
tailfitted is illustrated in figure (F.2). It is seen that 
there is no difference on pressure distribution between the 
sphere with and without cylinder tailfitted for -35°^ 9 £
35°» but when |0|>35°» a difference starts, and becomes 
very significant as J©J increases. For the same sphere
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with cylinder tailfitted mentioned above, the static pres­
sure distributions for porthole number 2 and 3 within the 
range of interest are shown in figures (F.3) and (F.4) 
respectively. The static pressure was found very unstable 
in regions specified in figures (F.3) and (F.4).
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0.0635 m
SIDE VIEWPORTHOLE NUMBER 1
FRONT VIEW




(h) 0.0635 m SPHERE WITH CYLINDER TAIL-
FITTED
Figure F.l Definition sketch of a 0.0635 m sphere
with support and with cylinder tailfitted.












Figure F.2 Pressure distribution around a sphere 
with and without cylinder tailfitted.
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Figure F.3 Static pressure distribution of porthole
number 2, Re=l.39x10^,
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ANGLE, $ t deg
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UNSTABLE REGION
- 1.0 - -
Figure F.^ Static pressure distribution of porthole
number 3» Re=l•39x10^.
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SYNBOL REYNOLDS NUMBER 
R , xlO5
PROBE POSITION ANGLE, B  , deg.
(a) TEST NO. 1, f=1.59 Hz.
Figure G.l Experimental data on A P / q  variation, probe 0DU2.
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PROBE POSITION ANGLE, 6  , deg
(e) TEST NO. 5. R =0.635x106
Figure G.l Concluded
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